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Introduction
Ranking as the leading cause of death nowadays, cancer 
remains an intractable disease with high and increas-
ing mortality and morbidity worldwide [1, 2]. Approxi-
mately 10  million deaths of 18  million newly diagnosed 
patients with cancer are estimated globally in 2020, 
which advances the research on diagnostic strategies 
and new therapies [1, 3–5]. Traditional chemotherapy 
is widely used for cancer treatment, despite its limited 
therapeutic efficacy and frequent side effects. It directly 
inhibits tumor growth while potentially causing toxicity 
in normal tissues [6, 7]. To address these challenges, ther-
apeutic strategies such as phototherapy, radiotherapy, 
and immunotherapy have exhibited good therapeutic 
outcomes and hold great promise for high-effect cancer 
treatments [3, 6, 8–13]. Among them, phototherapy that 
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Abstract
Second near-infrared (NIR-II) fluorescence imaging in the range of 1000–1700 nm has great prospects for in 
vivo imaging and theranostics monitoring. At present, few NIR-II probes with theranostics properties have been 
developed, especially the high-performance organic theranostics material remains underexploited. Herein, we 
demonstrate a selenium (Se)-tailoring method to develop high-efficient NIR-II imaging-guided material for in vivo 
cancer phototheranostics. Via Se-tailoring strategy, conjugated oligomer TPSe-based nanoparticles (TPSe NPs) 
achieve bright NIR-II emission up to 1400 nm and exhibit a relatively high photothermal conversion efficiency 
of 60% with good stability. Moreover, the TPSe NPs demonstrate their photothermal ablation of cancer cells in 
vitro and tumor in vivo with the guidance of NIR-II imaging. It is worth noting that the TPSe NPs have good 
biocompatibility without obvious side effects. Thus, this work provides new insight into the development of NIR-II 
theranostics agents.
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integrates therapy with diagnosis enabling in situ bioim-
aging and phototherapeutics has brought hope to cancer 
patients [14–20]. Despite the great potential of image-
guided cancer therapy, new materials with great biologi-
cal safety, high sensitivity, and high-resolution, real-time, 
and bright imaging are urgently needed.

Nanoparticles (NPs) possessing second near-infra-
red (NIR-II) fluorescence imaging (FLI) in the range of 
1000–1700  nm have been extensively exploited as non-
invasive diagnosis and therapy for various types of dis-
eases [15, 21–25]. Compared with the first near-infrared 
(NIR-I) FLI (650–950 nm), the emergence of NIR-II FLI 
NPs materials with better signal-to-noise ratio, greater 
sensitivity, and deeper tissue penetration depth shows 
higher phototherapy efficacies [26–28]. To achieve long-
wavelength NIR-II emission and bright NIR-II imaging, 
a series of NIR-II NPs including inorganic and organic 
materials have been constructed for phototherapy appli-
cations [29–34]. For instance, 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol) micelles encapsulated t-BPITBT-TPE aggregates 
exhibited good imaging ability to cancer cell progression 
in xenografted zebrafish, as well as imaging 4T1 tumors 
in xenografted mice in vivo [35]. In another study, Dai 
and colleagues fabricated a novel molecular electron 
acceptor structured boron difluoride formazanate mate-
rials for NIR-II FLI-directed phototheranostics against 
tumors in animal bearing 4T1 tumor upon NIR light 
illumination [29]. Tang et al. developed an activatable 
fluorescence nanoprobe based on bio-erasable intermo-
lecular donor-acceptor interaction to effectively evaluate 
inflammation tissues in live mice by NIR-II FLI of ClO− 
[36]. Recently, side chain constructed semiconducting 
polymer NPs have been successfully designed and syn-
thesized for NIR-II FLI and combating cancers both in 
vitro and in vivo [37]. NIR laser-responsive photother-
anostic agents have been emerging as a promising strat-
egy for imaging and oncotherapy owing to their unique 
advantages [20, 38–43]. It is an urgent demand to develop 
high-performance organic theranostics agents with good 
NIR-II FLI and high efficiency.

In this work, we designed conjugated oligomer TPSe 
NPs via selenium (Se)-tailoring strategy for high-efficient 
NIR-II imaging-guided cancer phototheranostics both in 
vivo and in vitro (Scheme 1). Under NIR laser irradiation, 
the organic theranostics TPSe NPs achieved satisfactory 
NIR FLI with NIR-II emission up to 1400 nm. With this 
whole-body NIR imaging, it provided high-resolution 
imaging of targeted tumor upon laser photoirradiation. 
Moreover, the obtained TPSe NPs had a higher photo-
thermal conversion efficiency (PCE) of 60.29% with good 
stability than indocyanine green (ICG), which exhibited 
significant temperature changes and stable photothermal 
capability. Results proved that the TPSe NPs exhibited 

high-efficient tumor elimination capability in different 
cancer cell lines and a tumor mouse model. More impor-
tantly, histological examination of major tissues and bio-
chemical indexes of blood revealed that little toxicity of 
the NPs against normal tissues was observed. Thus, this 
study introduces a novel strategy for NIR-II FLI-guided 
high-performance phototheranostics, which paves a dif-
ferent avenue for the designment of NIR-II theranostics 
agents.

Experimental section
Reagents and materials
DSPE-PEG2000 were obtained from Avanti Polar Lipids 
Inc. (Alabama, USA). ICG were obtained from Aladdin 
Chemical Co., Ltd (Shanghai, China). Fetal bovine serum 
(FBS), penicillin/streptomycin (PS), and trypsin were 
obtained from Thermo Fisher Scientific Inc. (Waltham, 
MA, USA). Other materials from Sigma-Aldrich 
(Saint Louis, MO, USA) were used without additional 
treatment.

Characterization
High-resolution transmission electron microscopy image 
of TPSe NPs was acquired by a Talos F200X transmis-
sion electron microscope. Particle size was obtained by a 
Malvern Zetasizer Nano ZS 90. UV-VIS absorption spec-
tra was obtained by employing a HACH DR6000 UV-vis 
spectrophotometer. Infrared thermal image was collected 
using a Fluke Ti480 Infrared Camera.

Preparation of TPSe
Compound 4-(octyloxy)-N-(4-(octyloxy)phenyl)-N-(4-
(5-(trimethylstannyl)thiophen − 2-yl)phenyl)aniline was 
synthesized according the reference [18], compounds 
4,8-dibromo-6-(2-ethylhexyl)- [1, 2, 5]selenadiazolo[3,4-
f ]benzotriazole were obtained from WUXI Senior mate-
rial (Wuxi, China).

Compound 4-(octyloxy)-N-(4-(octyloxy)phenyl)-N-
(4-(5-(trimethylstannyl)thiophen-2-yl)phe nyl)aniline 
(149  mg, 0.2 mmol) and compound 4,8-dibromo-6-(2-
ethylhexyl)- [1, 2, 5] selenadiazolo [3, 4-f ] benzotriazole 
(99  mg, 0.2 mmol) were added into the two-neck reac-
tor, and then 10 mL of degassed toluene was added with 
a 10 min of N2 flushing. After that, 20 mg Pd(PPh3)4 cata-
lyst was added into the noted mixture with the protec-
tion of N2. Afterward, the solution was directly heated 
and held the temperature of 110 ℃ for 24  h under N2 
environment. The resulted crude product was firstly 
extracted using CH2Cl2, and further purified by column 
chromatography to offer a dark green solid (126.6  mg, 
51%). 1 H nuclear magnetic resonance (NMR) (400 MHz, 
Toluene-d8) δ 9.17 (d, J = 4.1 Hz, 2 H), 7.67 (d, J = 8.7 Hz, 
4  H), 7.40 (d, J = 4.1  Hz, 2  H), 7.12 (d, J = 5.9  Hz, 4  H), 
7.09 (t, J = 4.3 Hz, 8 H), 6.80 (d, J = 8.9 Hz, 8 H), 4.47 (d, 
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J = 6.5  Hz, 2  H), 3.67 (t, J = 6.4  Hz, 8  H), 1.69–1.61 (m, 
8  H), 1.39–1.21 (m, 49  H), 0.94–0.89 (m, 18  H); 13  C 
NMR (101  MHz, Toluene-d8) δ 155.93, 148.69, 143.33, 
140.73, 137.51, 136.80, 132.67, 128.73, 128.50, 128.26, 
127.83, 127.59, 127.35, 126.75, 126.53, 125.00, 124.76, 
124.52, 120.81, 115.36, 67.84, 31.97, 29.55, 29.51, 29.45, 
26.24, 23.06, 22.80, 14.01, 10.41ppm; high-resolu-
tion mass spectrometry (HRMS): m/z: [M] + calcd for 
C90H113N7O4S2Se, 1499.75; found, 1499.74556.

Preparation of TPSe NPs
TPSe molecule (0.5  mg) and DSPE-PEG2000 (0.5  mg) 
were weighted and dissolved in THF (1 mL). The solu-
tion was mixed thoroughly under sonication, and then 
injected into deionized water (9 mL) to obtain TPSe 
NPs under vigorous stirring. The obtained solution was 
successively purified with 0.22  μm filtration and con-
centrated by using centrifugal filter unit with a size of 
100 kDa. The final NPs dispersion was kept at 4 ℃ until 
further experiments.

Examination of photothermal performance
The examination of PCE was performed as described in 
our previous report [44]. Typically, a 0.8 mL amount of 
TPSe NPs solutions with increased concentration from 
0 to 40 µg mL− 1 was illuminated at 1 W cm− 2 for 6 min 
using an 808  nm light. After steady state temperature, 
excitation light was turned off until the temperature 
returns to the initial state. Thermal images were acquired 
and analyzed by a Fluke Ti480 Infrared Camera. The cal-
culation of η was briefly described as following Eq. (1):

 
η =

hS (Tmax − Tsurr) − QDI

I(1 − 10−Aλ)
 (1)

where η stands for photothermal conversion efficiency, 
h is the heat transfer coefficient, S is the surface area of 
cuvette exposed to laser irradiation. Tmax and Tsurr stand 
for the temperature reached at thermal equilibrium 
state and the surrounding temperature, respectively. QDI 
stands for the energy input from deionized water in the 
detected solution. I is the power density of 808 nm laser, 

Scheme 1 Schematic illustration of NIR-II-emissive conjugated oligomer nanoparticles for high-performance cancer phototheranostics upon NIR light 
irradiation
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Aλ is the absorbance intensity of TPSe NPs solution upon 
irradiation. hS could be calculated according to Eq. (2):

 
τS =

mDCD

hS
 (2)

where, mD and CD stand for the mass (0.8  g) and heat 
capacity (4.2 J g− 1) of DI water, respectively. τs stands for 
the time constant for heat transfer, which could be calcu-
lated according to Eq. (3):

 
t = −τSln (θ) = −τSln

(
Tt − TSurr

TMax − TSurr

)
 (3)

where, t stands for the cooling time points after laser 
irradiation for 10  min, Tt stands for the recorded tem-
perature of TPSe NPs solution during the cooling stage.

In vitro photostability test
To evaluate the photostability of TPSe NPs, NPs of 
40  µg mL− 1 (0.8 mL) were illuminated at 1  W cm− 2 
under 808  nm light for 1  h, while ICG of 30  µg mL− 1 
was selected as the control sample. Furthermore, photo-
thermal conversion capability of TPSe NPs solution was 
investigated under ten laser on/off irradiation cycles, and 
ICG was selected as the control group.

TPSe NPs solution was irradiated by 808  nm laser 
for 10 min, then the size, zeta potential, and absorption 
spectra of TPSe NPs before and after irradiation were 
measured to evaluate the photostability of TPSe NPs.

In vitro ROS generation
Firstly, DCFH-DA was hydrolyzed to DCFH by 0.01  N 
NaOH, and 1 × PBS was used to terminate the hydroly-
sis reaction. DCFH solution (5 µmoL) was added with or 
without 30 µg mL− 1 TPSe NPs. The fluorescence inten-
sity of the DCFH was detected every 1  min under the 
808 nm laser irradiation.

In vitro cytotoxicity of TPSe NPs
The cytotoxic effects of NPs on various cancer cell lines 
(HCT116, A549, 4T1, MCG-803, HepG2) were evaluated 
by CCK-8 assay (Beyotime Biotech Inc, China). Typi-
cally, the HCT116 human colorectal cancer cells were 
suspended in 1640 medium supplemented with 10% FBS 
and 1% PS in an incubator at 37 °C, 5% CO2 atmosphere. 
Cell (5 × 103 cells/well) was cultured in a 96-well plate for 
24 h and then challenged with NPs of various concentra-
tions (6.25-30 µg mL− 1) for 4 h. After 5 min irradiation 
with or without an 808 nm laser (0.5 W cm− 2), cells were 
cultured for a further 24 h. Afterward, cell viability was 
determined using CCK-8 kits to evaluate the cytotoxicity 
of NPs.

Live-dead cell staining
In total, cells (2 × 105) were plated in confocal dishes. 
After attachment, the cell was treated with PBS or NPs 
(30 µg mL− 1) and then cultured for 4 h. Afterward, cells 
were illuminated with or without an 808  nm light for 
5 min (0.5 W cm− 2). Cells were washed with PBS three 
times, followed by incubation with Calcein-AM/Prop-
idium Iodide (Beyotime Biotechnology) in the dark for 
30 min. After washing twice using PBS, fluorescence was 
monitored through a DMi8 Platform Live cell micro-
scope (Leica Microsystems, Germany).

Tumor mouse model
All mice procedures were conducted according to the 
Animal Management and Ethics Committee of Soochow 
University. BALB/c nude mice of 4∼6 weeks were pro-
vided by Beijing Vital River Laboratory and housed for 
1 week. Afterward, the HCT116 cell was injected in the 
right upper limb of nude mice (2 × 107 cells mL− 1, 100 
µL), when the cell growth density is about 80%. Once 
tumors reached ~ 100 mm3, mice were subsequently used 
for NIR FLI and antitumor tests.

In vivo NIR-II FLI
In vivo NIR-II fluorescence image was acquired using an 
NIR-II imaging equipment with indium-gallium-arsenide 
(InGaAs) array. The equipment parameters were fixed 
and used for the following in vivo imaging (excitation 
wavelength 808  nm; power density 60 mW cm− 2; long 
pass filter 1050 nm; exposure time 300 ms). The BALB/c 
nude mice were injected with TPSe NPs (100 µL, 0.5 mg 
mL− 1) intravenously (n = 3) when the tumor volume is 
about 100 mm3. And they were kept anaesthetized via 
a nose cone during injection and imaging acquisition, 
which delivered 2  L min− 1 oxygen flow mixed with 3% 
isoflurane. NIR-II images of different tissues and tumors 
of the animals were acquired after 36 h postinjection. The 
calculation of fluorescence signal intensities of images 
obtained was quantitatively performed using Image J. 
The biodistribution of TPSe NPs was analyzed based on 
the fluorescent intensity of excised organs.

In vivo antitumor activity
To investigate anti-tumor activity of NPs in vivo, the 
established tumor models were randomized into different 
groups (n = 4). The mice in experimental group were irra-
diated upon 808 nm light for 5 min with 0.5 W cm− 2 at 
24 h after intravenous administration of either 100 µL of 
0.5 mg mL− 1 NPs [TPSe NPs (0.5 mg mL− 1) + L] or with 
100 µL of 1 mg mL− 1 NPs [TPSe NPs (1.0 mg mL− 1) + L]. 
Mice administrated with PBS, mice administrated with 
PBS and illuminated with laser (PBS + L), and mice 
injected with 0.5  mg mL− 1 of NPs [TPSe NPs (0.5  mg 
mL− 1)] were used as the control. The tumor temperatures 
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were observed and recorded using a thermal camera. 
Tumor growth and mouse weight were monitored every 
2 days during the whole experiment.

Biosafety assessment
On day 12, the tumor tissues were taken for weight mea-
sure, and several other tissues, including heart, liver, 
spleen, lung, kidney were obtained for H&E assay. The 
hematologic and biochemistry analysis of blood sam-
ples were performed using an automated hematology 
analyzer.

Results and discussion
Design, synthesis, and characterization of TPSe
The conjugated oligomer TPSe was designed with a typi-
cal acceptor-donor-acceptor (A-D-A) construction and 
Se-tailoring to achieve good NIR-response performance. 
For molecular synthesis, the electron-donating triphe-
nylamine (TPA, A fragment) and electron-withdrawing 
thiadiazolobenzotriazole (TBZ, D fragment) were con-
jugated via Stille coupling reaction (Additional file 1: 
Figure S1). The TPA donor was attached to both sides of 
TBZ to obtain a lower band gap construction of “A-D-A”, 
while the thiophene in the middle of TBZ was replaced 
with Se to enhance the heavy-atom effect [28]. The pre-
cise molecular structure was verified by NMR and HRMS 
(Additional file 1: Figures S2-S4). UV-VIS-NIR absorp-
tion spectrum of TPSe were tested in THF solvent, and 
shows typical maximum absorbance at 830  nm (Addi-
tional file 1: Figure S5). Density functional theory (DFT) 
investigation indicated that the highest occupied molecu-
lar orbital (HOMO, -4.36 eV) and the lowest unoccupied 
molecular orbital (LUMO, -3.08 eV) of TPSe show good 
distribution in the D and A units, and their energy gap 
further matches well to absorption spectrum (Additional 
file 1: Figure S6).

Preparation and characterization of NPs
To evaluate the potential in photoactivable biologi-
cal applications, water-dispersible TPSe nanoparticles 
(TPSe NPs) were prepared according to nanoprecipita-
tion strategy (Fig.  1a). It has been widely reported that 
the presence of PEG shell could decrease the interactions 
between the biological environment and the PEG-func-
tionalized nanomaterials. The circulation of PEG-modi-
fied materials was found to be longer as compared to the 
nanomaterials without surface functionalization [45–47]. 
As a classical surface functionalization approach, DSPE-
PEG2000 modification has been widely applied in the 
decoration of various nanomaterials, enabling their sta-
bility and prolong blood circulation [48]. According to 
the calculation method, the encapsulation efficiency of 
TPSe was 53.5% with a drug loading rate of 14.4% (Addi-
tional file 1: Materials and methods). Thus, the very 

facile and highly repeatable encapsulation by amphiphilic 
copolymer DSPE-PEG2000 was successfully performed 
to protect TPSe NPs from absorption at nonspecific 
sites. As shown in Fig. 1b and c, TPSe NPs were obtained 
with uniform spherical morphology and a diameter of 
about 200 nm, as indicated by the transmission electron 
microscopy (TEM) and dynamic light scattering (DLS). 
As previously reported, materials with the size between 
10 and 1000  nm usually exhibit enhanced permeabil-
ity and retention (EPR) effect [49], thus it is possible for 
TPSe NPs to passive-target accumulate in the tumor for 
further cancer therapy. Figure  1d and S5 exhibits the 
absorption spectral of TPSe together with red-shift due 
to the aggregation from molecular (830 nm) to nanopar-
ticle (870  nm), which largely enhances the NIR absorp-
tion efficiency and then contributes to the excellent 
NIR-II fluorescent emission (1075 nm). The produced red 
shifts of absorption spectrum could be a result of J-aggre-
gate state of TPSe NPs upon nanoparticle construction, 
which has been reported in various materials, such as 
oligomer nanoparticles and ICG [50]. The strength-
ened efficiency of NIR absorption is highly beneficial for 
high-performance cancer phototheranostics upon NIR 
light irradiation [50]. Due to the maximum absorption 
at 870  nm is more closed to the excitation wavelength 
808 nm commonly used in photothermal therapy, TPSe 
NPs exhibited significant temperature changes under 
laser irradiation. The concentration-dependent changes 
in the temperature were exploited. With the concentra-
tion of TPSe NPs increased from 0 to 40  µg mL− 1, sig-
nificant temperature elevation was observed apparently 
(Fig.  1e). Moreover, the NIR photothermic conversion 
capability of NPs solutions was then evaluated by using 
an infrared camera. The temperature of TPSe NPs solu-
tions (40 µg mL− 1) was increased rapidly to 62 ℃ upon 
808 nm light (1.0 W cm− 2) irradiation within six minutes 
(Fig. 1e). Correspondingly, infrared images were obtained 
and shown in Fig. 1f. The power density-dependent man-
ner of TPSe NPs induced temperature rise was also inves-
tigated (Fig.  1g). And then, the photostability of TPSe 
NPs was studied by laser irradiation for 1  h at 1.0  W 
cm− 2 using an FDA-approved clinical fluorescent medi-
cine ICG as the control. It is encouraging that almost no 
difference in the absorption spectra, color and size distri-
bution of TPSe NPs was observed before and after laser 
irradiation (Additional file 1: Figure S7-S9). In contrast, 
a severe photobleached effect was observed in ICG solu-
tion, resulting in apparent changes in UV-absorption 
spectra. The zeta potential of TPSe NPs before and after 
irradiation were examined to further prove the photo-
thermal stability of TPSe NPs. As shown in Additional 
file 1: Figure S10, there is no obvious change between the 
zeta potential of TPSe NPs before and after irradiation, 
indicating relatively stable properties of TPSe NPs. Most 
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importantly, we further evaluated the photothermal per-
formance of TPSe NPs upon 10 laser heating cycles. As 
shown in Fig.  1h, the prepared TPSe NPs displayed the 
outstanding and stable photothermal capability, whereas 
ICG showed diminishing trend during successive laser 
heating cycles. Finally, the TPSe NPs with PCE (η) of 
60.29% were prepared and determined (Fig.  1i). Its sta-
bility was tested by DLS method over a 28-day period of 
storage, which displays little change in nanoparticle size 
(Fig.  1j), further confirming its photothermal stability. 
The photodynamic effect of TPSe NPs under laser irra-
diation was measured by fluorescent probe DCFH-DA 
(2’,7’-Dichlorodihydrofluorescein diacetate). As shown 
in Additional file 1: Figure S11, TPSe NPs could produce 
negligible ROS under 808  nm laser irradiation (1.0  W 
cm− 2). Therefore, the killing effect of TPSe NPs on tumor 
cells mainly depends on the photothermal effect.

In vitro photothermal therapy
To study the potential photothermal efficiency of TPSe 
NPs, in vitro cytotoxic effect of TPSe NPs on cancer 
cells was determined using CCK-8 kits. As illustrated in 
Fig.  2a, treatment of HCT116 colorectal carcinoma cell 
line and A549 lung cancer cell line with TPSe NPs for 
24  h displayed minimal cytotoxicity even after incuba-
tion with TPSe NPs at a high concentration, suggesting 
its good in vitro biocompatibility. By contrast, the cell 
viability of TPSe NPs-treated cancer cells was signifi-
cantly degraded after 5 min laser irradiation, with severe 
cell death (about 90%) at a high concentration (30  µg 
mL− 1). This excellent tumoricidal efficacy of TPSe NPs 
was also confirmed on other three cancer cell lines, i.e., 
4T1, MGC-803, HepG2 (Additional file 1: Figure S12). 
Given the potential photothermal toxicity of TPSe NPs in 
cancer cells, therapeutic effect of TPSe NPs was further 
confirmed by visible live/dead cell staining assay. The 

Fig. 1 (a) Schematic illustration of synthesis and preparation of TPSe NPs. (b) TEM image of TPSe NPs. (c) Dynamic light scattering of TPSe NPs. (d) Ab-
sorption spectral and NIR-II fluorescence of TPSe NPs (DI water). (e) Changes in photothermal temperature of water and TPSe aqueous solutions of varied 
concentrations. (f) Infrared images of TPSe NPs solutions in the sixth minute upon laser illumination. (g) Photothermal heating curves of TPSe aqueous 
solutions (40 µg mL− 1) upon laser irradiation with various powers of 808 nm light. (h) Temperature profiles of TPSe NPs and ICG irradiated at 1 W cm− 2 
by 808 nm light for 10 laser on/off cycles. (i) Temperature profile of TPSe NPs (40 µg mL− 1) under 808 nm laser irradiation for 10 min at 1 W cm− 2 with 
subsequent natural cooling process after turning off the laser (yellow curve) and the linear time data versus -Ln (θ) obtained from the cooling process 
(red curve). (j) Stability test of TPSe NPs kept at 4 °C for 28 days
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cells were co-stained with Calcein-AM (live cells emit-
ting green color) and Propidium Iodide probes (dead cells 
emitting red color). As illustrated in Fig. 2b, HCT116 and 
A549 cell challenged with PBS, laser irradiation, or TPSe 
NPs without irradiation exhibited green fluorescence, 
which suggested minimal impacts on cell viability. Upon 
laser illumination with 808  nm for 5  min (NPs + Laser), 
almost no green fluorescence was observed in TPSe NPs-
treated cells, confirming its efficient photothermal abla-
tion of cancer cells. These results collectively suggest that 
TPSe NPs could serve as a promising phototherapy mate-
rial for photothermal elimination of tumor.

In vivo NIR-II FLI, antitumor effect, and biosafety of TPSe 
NPs
In order to verify the in vivo phototherapy application of 
TPSe NPs, their NIR-II FLI, antitumor effect, biocom-
patibility and biosafety were systematically investigated. 
Encouraged by the superior photothermal ablation effi-
cacy of TPSe NPs in vitro, human colorectal adenocar-
cinomas-xenografted mice were used to evaluate the in 
vivo photothermic performance of TPSe NPs. Briefly, the 
tumor-xenograft models were employed by subcutane-
ous injection of HCT-116 cells into nude mice. NIR-II 

FLI of tumors provides efficacious guidance upon laser 
illumination (808  nm) after intravenous administra-
tion with TPSe NPs before photothermal therapy. As 
shown in Fig. 3a, the NIR-II FLI of mice after intravenous 
administration with TPSe NPs of 0.5 mg mL− 1 at differ-
ent time point were acquired with a filter of 1050  nm. 
And the fluorescence intensity of tumor (black line circle 
area) displayed a growing trend gradually from 0 to 24 h, 
then decreased significantly at 48 h because of the effec-
tive metabolic effect of TPSe NPs in mice. The maximum 
fluorescence intensity at 24  h post-injection suggested 
the good tumor-targeting performance of TPSe NPs 
and time requirement as fluorescence manuduction for 
photothermal therapy (Fig.  3a, b). Biodistribution after 
24  h injection demonstrated the distribution of TPSe 
NPs in major organs in vivo and its effective accumula-
tion in tumor (Fig. 3c, d). The ex vivo NIR-II FLI of major 
organs was determined at 24 and 48  h post-injection. 
As shown in Additional file 1: Figure S13, the NIR-II FL 
intensity at 48  h post-injection was significantly lower 
than that of 24 h post-injection, which indicates that the 
TPSe NPs could be metabolized from the circulatory sys-
tem after 48  h. It is clear that the majority of the TPSe 
NPs were taken into the tissues consisting of abundant 

Fig. 2 (a) In vitro survival rate of HCT116 cells and A549 cells after challenge with increasing concentration of TPSe NPs with or without laser illumination 
for 5 min at 808 nm (0.5 W cm− 2). (b) Fluorescence imaging of HCT116 cells (top) and A549 cells (down) co-stained with Propidium Iodide (dead cells 
emitting red fluorescence) and Calcein AM (live cells emitting green fluorescence)
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reticuloendothelial system, particularly the liver, the 
spleen and the kidney, leading to the clearance of the 
TPSe NPs from the circulatory system after injection.

Then the HCT116 human colorectal adenocarcinomas-
xenografted mice were randomly assigned to five dif-
ferent groups: PBS, PBS + Laser (L), TPSe NPs (0.5  mg 
mL− 1), TPSe NPs (0.5  mg mL− 1) + L and TPSe NPs 
(1.0 mg mL− 1) + L. PBS and TPSe NPs (0.5 mg mL− 1 or 
1.0 mg mL− 1, 100 µL) were intravenously administrated 
into mice bearing HCT116 tumor-xenograft model to 
assess photothermal therapy in vivo when tumor vol-
ume reached ~ 100 mm3. After 5  min of laser illumina-
tion at 0.5 W cm− 2 (808 nm), change in the temperature 
of mice tumor site in the TPSe NPs + L groups increased 
significantly within 5 min, affording adequate hyperther-
mia for tumor ablation. On the contrary, that of PBS + L 
group was almost negligible, indicating little photother-
mal effect of the employed laser illumination (808  nm, 
0.5  W cm− 2). Additionally, the temperature change has 
an extremely high correlation with the concentration of 
TPSe NPs, and the temperature rose to 48.8 ℃ in TPSe 

NPs (0.5  mg mL− 1) + L group but 57.9 ℃ in TPSe NPs 
(1.0 mg mL− 1) + L group (Fig. 3e, h).

After above treatment, the tumor volume and body 
weight of all groups were recorded every two days over 
a period of 12 days. After 12 days of various treatments, 
photographs and tumor tissues of the mice were taken. 
The representative photos of tumor-bearing mice in each 
group and tumors are displayed in Fig. 3f, g. The tumors 
of mice in PBS, PBS + L, and TPSe NPs (0.5  mg mL− 1) 
groups all increased significantly, while the tumors of 
mice in TPSe NPs (0.5 mg mL− 1) + L group were signifi-
cantly smaller than other groups. More importantly, the 
tumors in the TPSe NPs (1.0 mg mL− 1) + L group almost 
completely disappeared, which fully proves good pho-
tothermal anti-tumor effect of TPSe NPs. After 12 days, 
the tumor volume (Fig.  3i) and tumor mass (Fig.  3k) of 
the TPSe NPs + L groups were all significantly reduced 
compared with the other groups, which further veri-
fied the above statement. After 12 days of photother-
apy, the tumor sites were stained with hematoxylin and 
eosin (H&E) to confirm the efficacy of the treatment. 

Fig. 3 (a) In vivo fluorescence imaging of HCT116 tumor-bearing mice at 0, 1, 6, 12, 24 and 48 h after intravenous administration of TPSe NPs. (b) Fluores-
cence intensity from (a) plotted as a function of time post-injection. (c) Fluorescence image and (d) fluorescence intensity of tumor and other major or-
gans, including heart, liver, spleen, lung, kidneys and intestine after 24 h post-injection of TPSe NPs. (e) Thermal image of the mice in PBS + Laser (L) group 
and TPSe NPs (0.5 mg mL− 1 or 1.0 mg mL− 1) + L group upon irradiation and (h) temperature profiles of tumor regions upon irradiation using 808 nm laser. 
(f) Representative photograph of mice and (g) tumors in different groups after 12 days treatment. (i) Tumor volume changes of mice between 12 days. 
(j) Weight of mice in different groups between 12 days. (k) Tumor weight of mice at 12 days
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According to Fig. 4a, the tumors of mice in PBS, PBS + L, 
and TPSe NPs group showed a high number of intact 
nuclei. The tumors treated with TPSe NPs (0.5  mg 
mL− 1) + L or TPSe NPs (1.0 mg mL− 1) + L displayed little 
proliferating cell nucleus. In conclusion, TPSe NPs as a 
phototherapeutic agent can integrate imaging and ther-
apy, providing potentiality for the application of nanopar-
ticles in cancer therapy.

During treatment, collected result of mice weight in 
different groups (Fig.  3j) demonstrated that the mice 
weight did not show significant differences and gradually 
increased, indicating few side effects of TPSe NPs in vivo. 
The proved biosafety of TPSe NPs provides a certain 
guarantee for its further application in anti-tumor ther-
apy. To further confirm the in vivo biological security of 

TPSe NPs, examination of H&E staining of major organs 
and hematology markers were performed after the indi-
cated therapy. The images of H&E-stained tissues of mice 
including heart, liver, spleen, lung, and kidney in each 
group after treatment are shown in Fig. 4a. The ignorable 
difference of the main organs between each group cer-
tifies that the TPSe NPs didn’t cause any damage to the 
organs. In addition, blood routine examination and blood 
biochemical parameters such as HCT, Lymph, AST, and 
ALT were also collected to verify the biocompatibility of 
TPSe NPs. Figure 4b illustrates the blood indexes of the 
different groups were all within the normal range, and 
the liver and kidney functions were not damaged by TPSe 
NPs. Taken together, it revealed the satisfactory anti-
tumor efficacy and biosafety of TPSe NPs in the current 

Fig. 4 (a) Images of H&E-stained heart, liver, spleen, lung, kidney and tumor of mice. (b) Blood routine and biochemical indexes of mice after different 
treatments
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treatments for mice. Next, we compared the property of 
the constructed TPSe NPs with reported materials from 
recently papers in terms of PCE, laser wavelength, laser 
irradiation time, maximum temperature etc. to gain fur-
ther insight on its advantages and limitations (Additional 
file 1: Table S1). Among the reported inorganic nano-
materials and organic nanomaterials for bioimaging and 
phototheranostics, organic small molecules with great 
potential of clinical translation have attracted increas-
ing interest because of their superior efficacy of pho-
tothermal therapy and high biocompatibility [49, 51]. 
Moreover, organic materials with NIR-II FLI and high 
PCE remain to be explored [52]. The designed TPSe NPs 
will enrich the toolbox for preparing high-performance 
organic theranostics agents with good NIR-II FLI and 
high efficacy.

Conclusion
In summary, the preparation of TPSe NPs with NIR-
II emission up to 1400  nm under excitation at 808  nm 
have been successfully performed using facile nanopre-
cipitation approach. By taking advantage of the aggrega-
tion strategy, the constructed TPSe NPs exhibit a strong 
absorption peak at 870 nm and achieve considerably high 
PCE of 60.29%. The whole-body NIR-II fluorescence 
bioimaging of TPSe NPs allows them to image accurate 
position of tumors, which displays high tumor accu-
mulation capacity. The in vitro and in vivo experiments 
demonstrate that TPSe NPs has strong photothermal 
efficacy and high efficiency in tumor clearance. Further-
more, the biosafety analysis verified that TPSe NPs have 
good biocompatibility without obvious biological toxicity 
in vitro and in vivo. Overall, the facile strategy we pro-
posed provides a hopeful strategy for developing effec-
tive NIR-II phototherapy agents. However, this study 
retains the laser power of 0.5 W cm− 2 for phototherapy 
tests. Next, the standard requirement of laser exposure 
(0.33  W cm− 2, American National Standard Institute) 
should be further employed for all in vitro and in vivo 
therapy applications. This work is a preliminary study 
and remains further clinical translation study to perform.
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